The title of this paper, posed as a question, reflects the current interest in gaining an improved understanding of visual perception in flight control to inform the development of design guidelines for future pilot vision aids. The paper develops the optical flow theory of visual perception into its most recent incarnation, tau-coupling, where tau is the time to closure to surfaces at current velocity. General tau-theory posits that the closure of any type of gap, using any form of sensory input, is guided by sensing and constantly adjusting the tau of the gap. According to the theory, and contrary to what might be expected, information about the distance to obstacles or the landing surface, for example, and about the speed and deceleration of approach, are not necessary for precise control of landing or stopping. Analysis is presented that supports the importance of tau-coupling in flight control. Results from simulation trials conducted at DERA and at The University of Liverpool demonstrate the considerable power of what we describe as tau-guides, that lead the pilot to adopt a prospective flight control strategy.
Introduction
H elic op ter p ilo ts ma ke u s e of n a p-of-th e-Ea r th ( N oE) fligh t to in cr e as e s te alth an d mis sion s ec ur ity . Su ch tac tic al flig ht, c lo s e to th e gr o un d a nd a mo n gs t the s ur r ou nd ing o bs tac le s , is c ha ra cte rise d b y th e p ilo t ma kin g co n tinu ou s c or re ction s in sp ee d , he igh t an d h ea d in g, g u id ed by a men ta l mod e l of w h er e h is o r h er a irc ra ft will be in the futu re . Th e pilot u s es w ha t c an be d es c ribe d a s 'pr os pe c tive co ntro l' to ev olve a sa fe tr aje ctor y , or s ky wa y, ba se d o n pe r ce ption o f the a irc ra ft's c ha ng in g v elo city a n d dir ec tion fr om in stan t to ins ta nt. Ho w far in to th e fu tu r e th is me nta l mo d el n ee ds to p ro jec t is a ce n tr al q u es tio n fo r r es ea r ch into vis io n a id s, th e an s we r to wh ic h d ep en d s on the tas k b ein g flow n a nd , c ritic ally , o n th e a ir c ra ft's p er fo rma nc e a nd h an d ling qu alities . Fo r N oE tas k s s ug ge ste d by th e title o f this p ap er -tu rn ing th ro ug h a ter ra in-ga p , stop p in g in a cle ar in g o r climb in g o ve r a h ill -the q u es tio n re fle cts the r eq u ir eme nts for a n a de qu a te flig ht s a fe ty ma rg in .
In en gin ee rin g te rms , th e p os ition al states an d motio n v eloc ity a nd tu rn ra te d e sc rib e th e fligh t c on tr ol ta sk .
Th e p ilot effe ctive ly tr an sfo rms p er ce iv e d mo tio n in th e o ptic al fr ame o f re fer en c e into re lativ e motio n in the ine r tial fr ame-o f-re fer en ce a nd a pp lie s fee db ac k r eg u la tion to minimise er ro r s b etwe en th e c omma nd e d an d p er ce ive d motio n. In a n alte r na tiv e, a ctive p s yc ho ph y sics fr amew o rk , fligh t c on tr o l ca n b e de s cr ib ed in te rms of pilo ts p ic king up in fo rmation g e ne ra te d b y motio n o ve r ter ra in an d a ro un d o bs ta c le s, th ro ug h v ar ia b le s in the o ptica l flo w-fie ld fr om the su rfa ce s in th eir fie ld o f visio n (R ef 1 ). Optica l flo w ra te ca n, fo r e xa mp le , p ro vide th e p ilot in fo rma tion o n g ro u nd s pe e d in e ye -h eig hts p er s ec o nd ( R ef 2 ) o r su r fa ce s lan t ( R ef 3 ). Differ en tia l mo tio n pa r alla x c an g u id e w ayfin ding in a clutte r ed e n viro nme nt ( R ef 4 ). Ano the r o ptic al va ria ble, in tr od u ce d by Le e ( R ef 5 ) , is th at w hich s p ec ifies time to c on ta ct or c los e to an o bs ta cle o r s ur fa ce s a t the c ur r en t c lo sing r atetau .
Tau p ro v id es a te mp o ra l s ca ling of th e e xter na l e nv iro nmen t a nd , lik e o th er flow -field v ar ia ble s, p r ov id es pilo ts with in stinc tive in fo r ma tion a bo ut th eir motio n r elative to e xter n al s ur fac es . Mor e re c en t d ev elop men ts of tau the o ry h a ve h yp othe s is ed th at p ur po se ful mo tion is g uid ed b y c ou plin g s ar ising fr om e ith er e x te rn a l or in te rn a l s ou rc es (R ef 6) . Th is h y po th es is fe a tu re s a s a c en tr al th eme in th e p ap e r an d s ug ge s ts a ma jo r n ew p ar a digm fo r sa fe fligh t, to b e d is cu ss e d la ter .
In te rms o f a v is ua l g uid an ce s tra te g y we c a n sa y tha t th e o ve r all pilot's go al is to o ve rlay th e o ptic al flo w-fie ld o v er the re qu ire d fligh t tra je cto ry -th e c ho se n p ath b etwe en th e tre es , o ve r the h ill o r thr ou gh th e v alle y -thu s match ing th e op tic al a n d r eq uire d flig ht motion . With th is a p pr oa ch , it is a rg ue d tha t the p ilo t ha s n o re q uire men t to 'tr an sfo rm' the flo w v ar iab le s into motio n v ar ia b le s, a s su ch . The pilo t's p er c ep tion sy ste m wo rk s d ir ec tly w ith the r a w op tic al flow v a riab le s . L e a r n i n g to fl y c l o s e t o t h e g r o u n d a n d in a c l u t te r e d e n v i r o n m e n t , a p il o t n a tu r a l ly u s e s t h e s a me r a p i d a n d e ff ic i e n t p r o c e s s e s th a t h e o r s h e u s e s e v e r y d a y t o w a lk , r u n o r j u m p . H o w e v e r , u l ti ma te l y a p il o t h a s to e f fe c t c o n tr o l o f t h e a i r c r a ft th r o u g h t h e fl ig h t mo tio n v a r ia b l e s in a n in e r ti a l fr a me o f r e f e r e n c e ( e .g . w h e n l a n d in g ) . W h e n t h e r e a r e c o n s is te n t, u n a mb i g u o u s , o n eto -o n e ma p p in g s b e tw e e n th e fr a me s o f r e fe r e n c e , a c c u r a t e f li g h t c o n tr o l w il l fo llo w fr o m th e d i r e c t p e r c e p t io n o f t h e o p ti c a l v a r ia b le s . W h e n t h e r e la t io n s h ip s , th e ma p p i n g s , b e c o me b l u r r e d , th e n th e p il o t ma y e x p e r ie n c e f li g h t c o n t r o l p r o b le ms t h r o u g h a d e g r a d e d s p a t ia l a w a r e n e s s . Th e b l u r r in g , in a g e n e r a l s e n s e , d e fi n e s a d e g r a d e d v i s u a l e n v i r o n me n t ( D VE ) . A k e y q u e s t io n r e l a t in g t o t h e d e s i g n o f p il o t v i s io n a i d s i s h o w b e s t t o r e p r e s e n t th e w o r l d w h e n th e n a tu r a l o p t ic a l in fo r ma tio n b e g in s to d e g r a d e .
At f ir s t s i g h t t h e e n g i n e e r i n g a n d a c t iv e p s y c h o p h y s i c s a p p r o a c h e s c a n a p p e a r c o n f li c ti n g a n d y e t t h e y s u r e l y m u s t o v e r l a p a n d u l ti ma te l y b e c o mp le m e n ta r y d e s c r ip tio n s o f t h e s a me c o n t r o l f u n c t io n , v ie w e d fr o m d if fe r e n t p e r s p e c ti v e s . Ma k in g t h e li n k b e tw e e n t h e tw o a p p r o a c h e s s h o u l d imp r o v e o u r u n d e r s ta n d in g o f b o th a n d u l tim a t e l y s ti mu l a t e id e a s o n h o w to p r o v id e e ff e c t iv e a id s to p i lo ts w h e n th e p r i me s o u r c e o f i n fo r m a t io n f o r fl ig h t c o n tr o l , th r o u g h o p ti c a l v a r ia b le s , b e g i n s to d e g r a d e . Th e a m o u n t a n d fo r m o f w h a t i s n e c e s s a r y to b e d i s p la y e d f o r th e p i lo t t o b e a b le to fl y s a fe l y is th e d r i v e r f o r v i s i o n s y s t e m r e q u ir e me n ts . Th e p r o s p e c t o f e n h a n c e d a n d s y n th e ti c v is io n s y s te ms c a ll s f o r a r e -e x a min a t io n o f th e d e s i g n g u id e l in e s fo r p r im a r y f li g h t d is p la y fo r ma ts , a n d th e s t imu lu s fo r e x p lo r i n g th e e ff ic a c y o f mo r e n a t u r a l o p ti c a l fl o w c o mp o n e n t s . Th is i s t h e s u b j e c t o f th e p r e s e n t p a p e r a n d is d e r iv e d f r o m r e s e a r c h c o n d u c te d b y t h e a u th o r s i n c o lla b o r a t io n w it h s c ie n t is t s a t th e D e f e n c e Ev a l u a t io n a n d R e s e a r c h Ag e n c y .
Th e p a p e r i s s tr u c tu r e d a s f o l lo w s . Fir s t , t h e n a tu r e o f v is u a l p e r c e p tio n in fl ig h t c o n t r o l i s d i s c u s s e d a n d th e k e y o p ti c a l v a r ia b le s u s e d in th e p a p e r a r e in tr o d u c e d i n th e c o n te x t o f N o E h e li c o p te r ma n o e u v r in g . Se c o n d , th e c o n c e p t o f ta u -c o u p l in g i s i n t r o d u c e d a n d a p p li e d to t e s t d a ta c a p t u r e d o n t h e D E R A a n d L iv e r p o o l Fl ig h t Si mu la to r s . So m e th o u g h ts o n th e i mp l ic a t io n s o f t h e c u r r e n t r e s e a r c h fo r th e d e s ig n o f v is io n a i d s a r e th e n d i s c u s s e d b e fo r e th e p a p e r i s b r o u g h t t o a c o n c l u s i o n .
Visual Perception in Flight Control; Optical Flow
The use of the term prospective control emphasises that flight tasks are essentially temporal, within a spatially ordered environment. When flying close to the ground or obstacles, the reliability of the pilot's mental model of the future is particularly critical. In a good visual environment the pilot is able, arguably by definition, to pick up sufficient information to make sense of motion from the optical flow-field on the surfaces in the visual scene. The optical flow-field defines the way in which points in the visual scene move from instant to instant relative to the pilot's viewpoint. The visual perception system that picks up and organises this information has, necessarily, to be very robust and efficient. 
We can see from eqn (4) that the relationship between optical flow rate and the motion variables is not straightforward. Flow rate and ground speed are uniquely linked only when flying at constant altitude.
A related optical variable comes in the form of a discrete version of that given by eqn (2) and occurs when optically specified edges within the surface texture pass some reference in the pilot's field of vision. This optical edge rate is defined as
Here, x T is the spacing between the surface edges. A pilot flying at 50 ft/sec over a network of 50ft square grids would therefore experience an edge rate of 1/sec. Flying over a uniform surface the simple linear relationship between the flight motion and optical variables holds. Unlike optical flow rate, edge rate is invariant as altitude changes. However, as noted in Ref 2, when ground speed is constant, edge rate increases as ground texture becomes denser, and decreases as it becomes sparser.
Time to Contact; Optical tau
When e x >>1 (or x>>z), we can simplify eqn (1) and (3) to the form;
The ratio of distance to velocity is the instantaneous time to reach the viewpoint, which we designate as τ(t), hence,
This temporal optical variable is important in flight control. A clear requirement for pilots to maintain safe flight is that they are able to predict the future trajectory of their aircraft far enough ahead that they can stop, turn or climb to avoid a hazard. This requirement can be interpreted in terms of the pilot's ability to detect motion ahead of the aircraft. In his explorations of temporal optical variables in nature (Refs 5-7), David Lee makes the fundamental point that an animal's ability to determine the time to pass or contact an obstacle or piece of ground does not depend on explicit knowledge of the size of the obstacle, its distance away or relative velocity. The ratio of the size to rate of growth of the image of an obstacle on the pilot's retina is equal to the ratio of distance to rate of closure, as conceptualised in Fig 2, and given in angular form by eqn (7). Lee hypothesised that this 'looming' is a fundamental optical variable that has evolved in nature, featuring properties of simplicity and robustness. The brain does not have to apply computations with the more primitive variables of distance or speed, thus avoiding the associated lags and noise contamination. The time to contact information can readily be body scaled in terms of eyeheights, using a combination of surface and obstacle τ(t)'s thus affording animals with knowledge of, for example, obstacle heights relative to themselves. Tau research has led to an improved understanding of how animals and humans control their motion and humans control vehicles. A particular interest is how a driver or pilot might use τ to avoid getting into a crash state (or animals alight on objects). A driver approaching an obstacle needs to apply a braking (deceleration) strategy that will avoid collision. One collisionavoid strategy is to control directly the rate of change of optical tau, which can be written in terms of the instantaneous distance to stop (x), velocity and acceleration in the form;
With x<0, then 1 > τ& implies accelerative flight; 1 = τ& implies constant velocity, while 1 < τ& corresponds to deceleration. With constant deceleration, , x& & the stopping distance from a velocity x & is given by,
Hence a decelerating helicopter will stop short of the intended hover point if;
Using eqns (7) and (8) this condition can be written more concisely as,
A c o n s ta n t d e c e l e r a ti o n r e s u lt s i n τ& p r o g r e s s i v e ly d e c r e a s in g w it h tim e a n d t h e p i lo t s t o p p i n g s h o r t o f th e o b s t a c le , u n l e s s τ& = 0 . 5 w h e n t h e p i lo t j u s t r e a c h e s th e d e s tin a t io n . Th e h y p o th e s i s th a t o p tic a l τ an d τ& a r e th e v a r ia b le s th a t e v o l u t io n h a s p r o v id e d h u ma n s a n d a n i ma l s w i th t h e a b ili ty t o d e t e c t a n d r a p i d ly p r o c e s s , s u g g e s ts th a t th e s e s h o u ld b e k e y v a r i a b le s t o g u id e th e d e s i g n o f v is io n a u g me n ta tio n s y s te ms . In R e f 8 , L e e e x t e n d s th e c o n c e p t to t h e c o n t r o l o f r o t a ti o n s ( a n g u la r τ ) r e la te d t o h o w a th le t e s e n s u r e th e y la n d o n t h e ir fe e t a f te r a s o m e r s a u lt. Fo r h e lic o p te r m a n o e u v r in g , th is c a n b e a p p li e d to c o n tr o l in tu r n s , p r o v i d i n g a d i r e c t c o n n e c t io n w i th t h e h e a d i n g c o mp o n e n t o f fli g h t m o t io n . W i th h e a d in g a n g le a n d tu r n r a te , w e c a n w r it e th e a n g u l a r ta u a s ,
A c o mb in a ti o n o f a n g u la r a n d l in e a r ta u ' s , a s s o c i a te d w it h p h y s i c a l g a p s , n e e d s t o b e s u c c e s s fu ll y p ic k e d u p b y p i lo ts to e n s u r e fl ig h t s a fe ty . Th e r e q u i r e m e n t f o r c o mb in in g ta u ' s to p e r f o r m m o r e c o m p l e x ma n o e u v r e s h a s le d to th e d e v e l o p me n t o f a mo r e g e n e r a l t h e o r y o f ta uc o u p li n g .
Ta u-Co upl i n g i n He l i c op t er Fl i ght -a Pa r a di g m for Saf et y i n Act i o n
G e n e r a l ta u th e o r y p o s it s th a t th e c lo s u r e o f a n y ty p e o f g a p , u s i n g a n y fo r m o f s e n s o r y i n p u t, i s g u id e d b y s e n s in g a n d c o n s ta n t ly a d ju s ti n g th e ta u o f th e g a p ( R e f 6 ) . Th e t h e o r y s h o w s , f o r e x a m p l e , th a t in fo r ma ti o n s o le ly a b o u t x τ& is s u ff ic ie n t to e n a b le th e g a p x t o b e c l o s e d in a c o n t r o lle d ma n n e r , a s w h e n m a k in g a g e n t le la n d in g . Ac c o r d in g t o th e t h e o r y , a n d c o n tr a r y to w h a t m ig h t b e e x p e c te d , in fo r m a ti o n a b o u t th e d i s t a n c e to th e la n d i n g s u r f a c e a n d a b o u t th e s p e e d a n d d e c e le r a tio n o f a p p r o a c h a r e n o t n e c e s s a r y f o r p r e c is e c o n t r o l o f la n d i n g .
Th e th e o r y fu r th e r s h o w s h o w a p i lo t m ig h t p e r c e i v e τ o f a mo t io n g a p b y v ir tu e o f th a t τ b e in g p r o p o r ti o n a l to th e τ o f a g a p i n a s e n s o r y fl o w -f ie l d .
Th e e x a m p l e o f d e c e l e r a ti n g a h e li c o p te r to h o v e r o v e r a l a n d in g p o i n t o n t h e g r o u n d s e r v e s to i llu s t r a t e th e p o i n t. Th e τ o f th e g a p in th e o p t ic f lo w -f ie l d b e tw e e n th e im a g e o f th e la n d i n g p o in t a n d t h e c e n t r e o f o p ti c a l o u t flo w ( w h i c h s p e c ifi e s t h e in s ta n t a n e o u s d ir e c ti o n o f tr a v e l ) i s e q u a l t o t h e τ o f th e m o t io n g a p b e tw e e n t h e p i lo t a n d t h e v e r t ic a l p la n e t h r o u g h th e la n d i n g p o in t. Th is is a lw a y s s o , d e s p ite t h e a c tu a l s i z e s o f th e o p t ic a l a n d m o t io n g a p s b e i n g q u it e d if fe r e n t ( s e e Fi g 3 ) . Th e s a me a p p lie s to s t o p p i n g a t a p o in t a d j a c e n t t o a n o b s ta c l e ( F ig 4 ) . Often movements have to be rapidly co-ordinated, as when simultaneously making a turn and decelerating to stop at a goal position or flying parallel to a line feature. This requires accurate synchronising and sequencing of the closure of different gaps. To achieve this, sensory information about several different gap closures has to be picked up rapidly and continuously and applied to guiding the action. Tau theory shows how such movement co-ordination might be accomplished in a simple way by τ -coupling, that is, by keeping the τ's of gaps in constant ratio during the movement.
Evidence of tau-coupling in action is presented in Refs 8 and 9 for experiments with echo-locating bats landing on a perch and infants feeding. In the present context, if a helicopter pilot, descending (along z) and decelerating (along x), follows the tau-coupling law,
then the desired height will automatically be attained just as the landing pad itself is reached. The kinematics of the motion can be regulated by appropriate choice of the value of the coupling constant k.
General tau-guidance principles can also be used to hypothesise how pilots might perceptually guide their craft through the other two manoeuvres of current interest -turning and terrain following. To simplify the analysis, and without losing much generality, we consider planar motion only. Turning to fly parallel to a vertical feature (e.g. line of trees) might follow the guidance rule of coupling tau for the heading with tau for the distance to the line feature. However, since the heading itself may be difficult to perceive, an alternative would be to follow the principle of keeping,
whe re x a nd y a re the dista nces r espectively to the cen tre of outflow (in stanta neous direction of trave l) and to a point ahead where the pilot na turally dire cts his or he r gaze (Fig 5) . Manoeuv ring a round an obs tacle on the insid e of the tur n could be g uided by con trolling tau of th e angle betw een th e ins tantan eous trajectory an d the direction of the tan gent to the obstac le (Ref 6). The scenario in Fig 5 could equally well apply to control of motion when approaching a horizontal surface (e.g. the ground). The visual cues available from the cockpit are different in the horizontal and vertical cases, of course, determined partly by the different orientation of the pilot's head to the outside world. Obscuration of visual cues by the cockpit frame, and the potential complexity introduced by the orientation of the optical frame of reference to the inertial frame, both clearly influence the available optical tau's. Fig 6 illustrates the final case of interest with the scenario of a helicopter approaching rising ground and manoeuvring up and over a crest. As for the previous case, the pilot can potentially couple the tau's associated with a point on the ground along the instantaneous direction x (centre of optical expansion) with a point further up the hill moving at a rate consistent with the required climb rate. The basis of the general hypothesis for the 'turning' manoeuvres described above certainly needs to be tested, but there is evidence that such coupling can be exploited successfully in vision aids. For example, the system reported in Ref 10 exploited such tau-coupling through the matching of a cluster of forward directed light beams with different look-ahead times. Such a system was designed as an aid in situations where the natural optical flow was obscured.
Intrinsic Motion Guides
In t h e a b o v e e x a mp le s , th e ta u ' s o f tw o mo ti o n g a p s a r e c o u p l e d t o a c h ie v e th e o v e r a l l a c tio n . H o w e v e r , in ma n y m o v e me n ts s u c h a s d r u mm in g a r h y t h m a n d s e l f-p a c e d r e a c h i n g , t h e r e is o n ly o n e mo tio n g a p b a s ic a ll y t o c o n tr o l ( e .g ., b e tw e e n t h e h a n d a n d d r u m) .
An d y e t t h e
e e p i n g t h e ta u o f th e m o t io n g a p ( e .g . , b e t w e e n h a n d a n d d r u m) c o u p le d o n t o a n i n t r in s i c a l ly -g e n e r a te d ta u -g u id e g τ (R e f 6 ) .
It
th e r th a n u n n e c e s s a r i ly c o mp le x o n e s .
Th e r e f o r e i t is r e a s o n a b l e to h y p o th e s i s e th a t th e s im p l e s t f o r m o f i n t r in s i c ta u -g u id e w ill h a v e e v o lv e d th a t is a d e q u a te fo r g u i d i n g mo v e m e n ts , s u c h a s r e a c h i n g , t h r o u g h th e n o r m a l p h a s e s o f a c c e le r a t io n f o l lo w e d b y d e c e l e r a ti o n . I n th e c o n t e x t o f h e l ic o p te r N o E fl ig h t a n y o f th e c la s s i c h o v e r -to -h o v e r r e -p o s it io n in g ma n o e u v r e s f it in to th is c a te g o r y o f m o ti o n s .
Th e h y p o th e s i s e d in tr in s ic ta u -g u id e c o r r e s p o n d s t o a t im e -v a r y in g q u a n ti ty , p e r h a p s r e l a t e d to t h e fl o w o f e le c tr ic a l e n e r g y in n e u r o n s , th a t c h a n g e s i n v a l u e fr o m a r e s t o r c o n s ta n t v e lo c i ty le v e l t o a g o a l le v e l a t a c o n s ta n tl y a c c e l e r a ti n g r a te .
It s h o u ld b e n o t e d , h o w e v e r , th a t ta u -c o u p l in g o n t o th i s in t r i n s ic g u id e d o e s n o t, i n g e n e r a l , g e n e r a te a mo ti o n o f c o n s ta n t a c c e l e r a t io n , b u t r a t h e r g e n e r a te s o n e w i th a ( n o n -c o n s ta n t) a c c e le r a t iv e p h a s e fo ll o w e d b y a ( n o n -c o n s ta n t ) d e c e le r a t iv e p h a s e . T h e e q u a ti o n s d e s c r i b i n g th e c h a n g in g g
τ t a k e th e fo r m :
where T is the duration of the aircraft or body movement and t is the time from the start of the movement. Coupling a motion-gap tau, x τ (e.g., from hand to drum or hover to hover) onto an intrinsic tau-guide, g τ , therefore involves following the equation,
for s ome c ou p ling c o ns ta n t k . The in tr in s ic taug uide , g τ , ha s a s in gle a djus tab le pa ra me ter , T, its d ur atio n . Th e va lu e o f T is a ss u me d to be s e t by the n er v ou s s ys te m, eith e r to fit th e mov eme nt in to a d efin e d te mpo ra l s tr uc tur e, a s w he n mov in g the h an d in time with a mu sic al r hy thm, o r in a re la tiv ely fre e wa y , as wh en r e ac hin g fo r a n ob jec t. In th e c as e of a he lic op te r fly ing fro m h ov e r to h o ve r a cr os s a c le a ring , w e ca n h yp oth es is e tha t time c on stra ints a re mis s io n r elated an d the p ilo t ca n a djus t the u r ge nc y thr ou g h th e lev el of a gg re ss ive ne s s ap plied to the c o ntro ls. The k in ematics o f a mov e me nt ca n be re gu lated b y s etting th e c ou plin g c on s ta nt, k in e qn (1 6) , to an a pp ro pr iate v alue . Fo r e xa mp le , the high er th e v alue o f k , the lo ng er will b e the ac ce le r atio n p er io d o f th e mov eme nt, th e s ho r te r th e d ec e le ra tio n p er io d, an d the mor e a br u ptly w ill th e mo ve men t e nd . We d es c ribe s itu ation s with k va lu es > 0.5 a s h ar d sto ps ( i.e . wh e re p e ak v elo city is p us h ed c los e to th e e nd o f the ma no eu v re ) an d s itu atio ns with k < 0 .5 a s s oft s to ps .
When two variables (e.g. the motion x m and the motion guide x g ) are related through their taucoupling in the form of eqn (16), then it can be shown that they are also related in one of the most prevalent ways in nature, through the power law,
where C is a constant. Reference 5 expands on the implications of this relationship in terms of the overall kinematics of the motion and the associated motion gaps. We continue this paper with an application of tau-analysis during helicopter stopping manoeuvres. The course markings on such manoeuvres are designed to provide sufficiently good visual information that the pilot can perceive whether the achieved performance is within the desired or adequate standards. Fifteen accel-decels were flown by three test pilots, at three levels of aggressiveness -low, moderate and high.
Tau in Action during Stopping Manoeuvres
In the following analysis the relationship between the motion of the aircraft and the intrinsic guides introduced above is explored. The basic modelling technique adopted will establish the linear correlation between the motion tau, m τ , the time t, and the guide tau, g τ . Fig 9 shows a typical profile for the velocity and displacement as a function of manoeuvre time (36.2 = Flight 36, run 2). For the correlation analysis, the manoeuvre was assumed to begin when the velocity reached 10% of the peak velocity and to end when it had subsided to 10% of peak. The distance along the track is designated as X s , to differentiate with the distance to go, X. C o ns t a n t τ& G u id e s ; Bu i l d i n g o n th e p r e v i o u s t a u -a n a l y s i s f o r s t o p p i n g s c e n a r io s , w e b e g i n w i th a s tu d y o f t h e d e c e l e r a t i o n p h a s e o f t h e m a n o e u v r e a n d a n e x a mi n a t
i o n o f th e s t r e n g t h o f t h e m o t i o n c o u p l i n g w i t h t h e c o n s t a n t τ& i n tr i n s i c g u i d e s . Fig s 1 0 a , b a n d c s h o w t h e r e g r e s s i o n f i t o f t h e m o t i o n t a u w i t h t i m e fo r
f l ig h t c a s e s , 4 7 . 4 , 4 7 . 7 a n d 4 7 . 1 1 , c o r r e s p o n d i n g to p i l o t O f ly i n g w i t h l o w , m o d e r a t e a n d h ig h a g g r e s s i v e n e s s . All three cases in Figure 10 follow a profile for τ& between 0.5 and 0.6, showing how the deceleration (or pitch attitude) of the aircraft increases as the stopping point is reached. The degraded match close to the hover is hypothesised to arise from the need for the pilot to fly the final positioning with a reduced pitch attitude and different control strategy. The close correlation of the motion tau and guide tau during the deceleration phase suggests that the pilot is able to pick up visual information from the course layout that enables this close coupling to be maintained until close to hover, despite the high nose-up pitch attitude.
C o ns t a nt A c c e l e r a t ion G uid e ; M a i n t a in in g c o n s ta n t τ& w il l o n l y w o r k a s a g u id i n g s tr a te g y w h e n p e r f o r min g a s to p p in g m a n o e u v r e . To tr e a t th e w h o le a c c e l-d e c e l w e n e e d t o e x a mi n e th e e f fi c a c y o f th e c o n s t a n t a c c e l e r a ti o n g u id e d e s c r i b e d b y e q n ( 1 5 ) . If w e n o r m a l is e t h e k i n e ma tic s , th e n a mo ti o n w h ic h c o u p l e s o n to th is m o ti o n g u id e th r o u g h th e r e l a t io n The bell-shaped profile of the velocity distribution and sigmoid profile of the displacement are reminiscent of the helicopter motion shown in Fig  9. The comparison of the helicopter motion tau and guide motion tau for the case Flt 36.2 is shown in Fig 13. Within a few seconds of the launch, the tau's show a consistent correlation through to the hover point. We can imagine the motion guide as a ball, initially at the same location as the helicopter and following the constant acceleration profile to the hover point, where it again meets the helicopter. The helicopter tau is always less than the tau of the ball. One can imagine the pilot developing the mental model of the aircraft motion as he or she rides in the ball, remaining behind the helicopter until they become one at the hover point. The correlation coefficient is greater than 0.98 for all cases and the velocity profiles show consistency with the general guide profile in Fig  12, i.e. the later the velocity peak, the larger the coupling constant. If we consider all 15 acceldecels then the mean values of k follow the expected trend (low aggression, k=0.381; moderate aggression, k=0.324; high aggression, k=0.317). As the aggression level increases, the pilot elects to initiate the deceleration earlier in the manoeuvre; low aggression at 10 sec (0.5T into manoeuvre); high aggression at 4 sec (0.4T into manoeuvre). The pilot is more constrained during the deceleration phase. Fig 8 shows As noted in passing above, task 'cues' are introduced in stylised course layouts to ensure that the pilot has an equivalent visual scene content to what would be expected in the real world when flying such a manoeuvre. The process at arriving at such equivalence needs to have a sound engineering basis. This, and the related fundamental question of what information a pilot needs to guide and stabilise the aircraft, is at the heart of developing guidelines for pilot displays and synthetic vision systems. We continue the paper on this theme.
Developing Guidelines for Vision Aids and Synthetic Vision Systems
The collaborative research described in this paper aims to inform the development of guidelines for the requirements-capture and design of future display systems for low level tactical flight. An important aspect of such requirements is the level of stability augmentation in the host aircraft. The handling qualities performance standard, ADS-33E introduced the Usable-Cue-Environment (UCE) as a construct from which the stability augmentation requirements to achieve Level 1 handling qualities can be established. The design of any vision aid influences the UCE and hence we have a clear and important link between display and control augmentation. The UCE scale is illustrated in extended form in Fig 17. To achieve Level 1 performance when flying in UCE 1, a conventional rate response type will suffice. As we move through UCE2 to UCE 3, so increased augmentation in the form of attitude and velocity response types are required to enable the pilot to focus on guidance, rather than the workload-sapping stabilisation tasks. UCE 3 corresponds to conditions where the pilot is unable to achieve precision when flying tasks with any level of urgency, but the conditions are not so degraded that the surface and surrounding obstacles are not visible. The extended UCE scale in Fig 17 conceptualises that beyond UCE, conditions continue to degrade through to zero visibility. Free flight at NoE heights can only be conducted safely in these conditions through a synthetic vision system. Leaving aside the maturity of the technologies that will make such a system practicable, for it to be functional it must, arguably, provide a pilot with a consistent model of the outside world throughout the range from UCE2/3 to zero visibility. The vision augmentation system that brings the UCE into the 2/3 range on Fig 17, must essentially be complementary to any system that enhances the pilot's real outside world view with, for example, overlaid symbology.
In addition, such vision augmentation needs to harmonise and be integrated with control augmentation.
The fundamental requirement for such an integrated system is that it should allow the pilot to construct and maintain an accurate mental model of the future flight trajectory that is sufficiently prospective for safe flight. The nature of such an integrated prospective flight control system, its functions, failure modes and how it interfaces with the pilot needs to be investigated in research, and clearly there is considerable scope for innovation.
One of the conclusions from the exploratory analysis presented earlier in this paper is that tau-coupling offers a robust approach to the design of a synthetic vision system. The first stage in developing requirements for a tau-based prospective system is to quantify what visual information pilots use for performing manoeuvres like climbing, turning and stopping. Such a synthesis leads to a second stage where we examine how pilots cope when visual components are removed, through to conditions where insufficient information is available for safe flight, i.e. beyond UCE 3. Such degradation in spatial awareness and task performance will, in theory, be reflected in the correlation between the tau's of motion gaps or perhaps the pilot's inability to track an intrinsic motion guide through the poor visibility. A third stage takes us to the design of the re-constructed or synthetic world where the tau-coupling is restored and once again coherent. This 3-stage approach is being taken within the current UK research. In the first stage, a series of experiments have been initiated on the new moving base flight simulation facility at The University of Liverpool. The single seat cockpit pod is mounted on a 6-axis, hexapod, high-bandwidth motion system (Fig 18) and contains 5 outside-world visual channels presented to the pilot in the arrangement shown in Fig 19. The first phase of this work included very simple tasks with limited flight degrees of freedom, guided to an extent by concurrent NASA research reported in Ref 15 . Fig 20 illustrates the stopping area for a decel-tostop manoeuvre over a flat surface. The task involves decelerating the helicopter from a defined initial speed to stop over the line, 2 grid squares in front of the vertical poles, which themselves were 2 grid squares ahead of a vertical wall. The visual information available to the pilot included the surface grid, and the vertical wall, poles and stop line. The grid size was either 50ft or 100ft. Flying at a speed of 50ft/sec at a height of 50ft over the 50ft grid gives exactly the same visual impression as flying over the 100ft grid at a height of 100ft and velocity of 100ft/sec. For these tests , the only d egrees of fr eedom active in the simulation wer e pitc h angle, con trolle d thro ugh con ventio nal cyc lic, a nd for ward transla tion. All oth er motions w ere lo cked. The s imulation mo del was the FLIGHTL AB gen eric a rticulated r otor helicopte r, similar in configuration an d dyna mics (e.g. pitch rate resp onse type) to the UH-60 Bla ckhawk .
Six subje cts, a ll non -pilots, wer e ins tructe d to u se the cyclic to d eceler ate th e airc raft to a hove r. Pr elimin ary an alysis of th e data shows gen eral c onsistency b etween subje cts flying w ith var ious levels of agg ressiv eness, at differen t spee ds and over differ ent gr id siz es. Fig 2 1 s ho ws th e ra n ge , v eloc ity , de c eler ation a n d tau p ro files . Fig 2 2 sh o ws the τ& pr ofile s an d a c ompa ris on o f the mo tion tau ( m τ ) w ith the c on stan t a cc e le ra tio n gu ide ( g τ ) a cc or d in g to e qu atio n 1 5. Als o s ho wn ar e th e lea s t sq ua r es fits o f m τ to g τ . No te th at th e τ& va lu es co ns isten tly inc re as e to u nity d u ring th e fin al 0 .5 se co n ds o f the man oe uv r e, in dica tin g th a t th e s ub je c ts d id no t a ch ie ve a pe r fe ct s top . Th e co u plin g p ar ame te rs a re g iv e n by th e slo pe o f the fit fu n ctio n a nd a r e r emar ka b ly s imila r for th e 3 ca s es . We c an h yp othe s is e tha t fo r s uc h a s imp le , s in gle a xis, ta sk the s ub jec ts pick u p the sa me o p tica l flo w c ompo ne n ts fr om w hic h th e c ou pling s tra te gy is a ctiv ate d.
How to e stab lis h th e v alu e to p ro sp ec tiv e c on tr ol of th e va rio us s c en e c ompo ne n ts is the s u bjec t o f th e c on tin uing r es ea rc h , mo v in g th r ou gh to the se co n d stag e w he re 's ce ne -th in nin g' is c ar rie d ou t.
Futu re s imulation p lan s in c lu de ex amin a tion of o th e r s imple man oe u vr es , u nloc k in g th e s ec o nd ar y c on tr ol ax es fo r mo r e co mplex ma no eu v re s (e .g. tur n th r ou gh ga p, c limb o ve r ris in g g ro un d) flow n b y h elic op ter te st p ilo ts , a nd d iffer en t for ms of s c en e c on te nt. Co mplemen tar y to th e p ilote d-simu latio n p la ns , a s yn the sis tec hn iqu e is cu rr e ntly u n de r d ev elop men t w he re by no n-p iloted 'c on s tr aine d ' s imulation s w ill be us ed to e xp lor e h ow p ilo t co n tr ol 
